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I proposed that the "wind down" funding from Planetary. Atmospheres be targeted towards

concluding the microwave studies of the Mars atmosphere I have conducted since 1988. This wind down

effort centered on publication of existing Mars millimeter observations and their comparison to ongoing
MGS Thermal Emission Spectrometer (TES) temperature measurements. It also provided for the analysis
of scheduled Kitt Peak and JCMT Mars observations through March 1999, for a more complete seasonal

comparison to TES and to complete five full Mars years of contiguous observations.

1) Completed MGS/TES Comparisons- It has been suggested that the microwave temperature profiling of
Mars has underestimated Mars atmospheric temperatures by 15-20K, based on comparisons to Viking

descent profiles, Viking IRTM observations, and most recently from Pathfinder descent profile

observations (Schofield et al., 1997). In fact, a reanalysis of the Viking IRTM 15 micron data (Wilson and

Richardson, 1999) places these global 0.5 mbar &25km) atmospheric temperatures virtually on top of the
microwave temperatures, particularly for the critical aphelion season (Ls around 70). So now a significant

Viking data set has become supportive of the redefinition of the current Mars climate as the cold and
cloudy (i.e., less dusty,) state determined from the long-term microwave temperature and water vapor

measurements (Clancy et al., 1996).

Clearly, contemporaneous comparisons between microwave observations and the MGS TES IR
observations are extremely valuable for settling this controversy and so determining the basic character and

processes which control the current Mars climate. There exists a special opportunity for such comparisons
because frequent (every 3 days) microwave and TES (every orbit) observations were taken from Sep97 to

Mar98, in support of MGS aerobraking. Furthermore, extended comparisons between MGS mapping
observations over 98-99 with new Kitt Peak and JCMT observations through June 1999 has provided

nearly complete seasonal coverage for the TES-microwave comparisons, including the critical aphelion

season in 1999 (when the MGS mapping mission began).
The complete set of microwave temperatures are now published. Key issues addressed in these

data include the recurrence of global atmospheric warmings associated with perihelion dust storms in four
consecutive Mars years, the repeatability of the cold aphelion climate in all Mars years, water profile

observations (from the VLA and Kitt Peak) in 1997-99, and the MGS/microwave comparisons in 1997-99.

2) Attached Publications- Published manuscripts associated with the proposed miUimeter/TES comparisons

(Clancy et al., 2000) and their implications for the Mars climate (Clancy, 1999) are attached below. These
publications serve as the fundamental products of this completed Planetary Atmospheres research project.

3) References- Clancy et al., Water vapor saturation at low altitudes around Mars aphelion: A key. to Mars
climate?, Icarus, 122, 36-62, 1996; Clancy, R.T., Orbital and Interannual Variability. of the Global

Mars Climate, 5th International _lars Conference, Pasadena. CA. July 1999: Clanc_v, R.T.. B.J.

Sandor, P.R. Christensem M.D. Smith. J.C. Pearl, B.J. Conmth, and MJ.Wolff. An inter-

comparison of ground-based millimeter, MGS TES, and Viking atmospheric temperature
measurements: Seasonal and interannual variability, of temperatures and dust loading in the global

Mars atmosphere, J. Geophys. Res., 105. 9553-9572. 2000.; Schofield et al., The Mars Pathfmder

Atmospheric Structure Investigation/Meteorology" Experiment (ASI/MET), Science. 278, 1758.
1997: Wilson and Richardson. Comparison of GCM results with the Viking and Mariner 9 data

and implications for the interpretation of MGS atmospheric temperature data, J. Geophys. Res.. in

press, 2000.
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Abstract. During the period October 1997 to September 1999 we obtained and analyzed over

100 millimeter-wave observations of Mars atmospheric CO line absorption for atmospheric temperature

profiles. These measurements extend through one fixll Mars year (solar longitudes Ls of 190 ° in 1997

to 180 ° in 1999) and coincide with atmospheric temperature profile and dust column measurentents

from the Thermal Emission Spectrometer (TES) experiment on board the Mars Global Sur_,'eyor

(MGS) spacecraft,. A comparison of Mars atmospheric temperatures retrieved by these distinct

methods provides the first opportunity to place the long-term (1982-1999) millimeter retrievals of

Mars atmospheric temperatures within the context of contemporaneous, spatially mapped spacecraft

observations. Profile comparisons of 0-30 km altitude atmospheric temperatures retrieved with the two

techniques agree typically to within the 5 K calibration accuracy of the millimeter observations. At the

0.5 mbar pressure level (_25 km altitude) the 30°N/30°S average for TES infrared temperatures and the

disk-averaged millimeter temperatures are also well correlated in their seasonal and dust-storm-related

variations over the 1997-1999 period. This period includes the Noachis Terra regional dust storm,

which led to very abrupt heating (_I5 K at 0.5 mbar) of the global Mars atmosphere at Ls=224 °

in 1997 [Christensen et al., 1998; ConruO_ et al., this issue; Smith et at._ this issue 1. Much colder

(10-20 K) global atmospheric temperatures were observed during the 1997 versus 1977 perihelion

periods (Ls=200°-330°), consist.ent with the much (2 to 8 times) lower global dust loading of the

atmosphere during the 1997 perihelion dust storm season versus the Viking period of the 1977a,b

storms. The 1998-1999 Mars atmosphere revealed by both the millimeter and TES observations is also

10-15 K colder than presented by the Viking climatology during the aphelion season (L5=0°-180 °,

northern spring/summer) of Mars. We reassess the observational basis of the Viking dusty-warm

climatology for this season to conclude that the global aphelion atmosphere of Mars is colder, less dusty,

and cloudier than indicated by the established Viking climatology even for the Viking period. We

also conclnd(" that Mars atmospheric temperatures exhibit their most significant interannnal variations

during the perihelion dust storm season (I0-20 K for Ls=200°-340 °) and during the post-aphelion

northern summer season (5-10 K for Ls=100°-200°).



1. Introduction

The successful orbit insertion of Mars Global Surveyor (MGS) in early September of 1997 marked

the beginning of the most significant spacecraft exploration of Mars since the Viking orbiter observations

in the late 1970s. One of the unique aspects of the MGS mission is its use of aerobraking to obtain

the circular, fixed local-time orbit for mapping operations. In support of this MGS aerobraking, a

coordinated program of Mars atmospheric monitoring was developed to provide quantitative, real-time

assessment of atmospheric density variations at the altitudes of aerobraking. This program included a

broad range of spacecraft and ground-based observations as well as several modeling efforts [Keating

et al., 1998]. The following analysis presents an intercomparison between two of the aerobraking

observational data sets, both pertaining to Mars atmospheric temperatures over the 0-30 km altitude

range for the period October 1997 through September 1999. The specific concern of this comparison

is the degree to which the global average behaviors of temperatures and dust loading in the lower

Mars atmosphere are described by a relatively dusty, warm model based largely on Viking lander

measurements [e.g., Haberle et al., 1993, 1997; Schofield et al., 1997] or the colder, less dusty behavior

determined from 1980s and 1990s ground-ba, sed observations [Clancy et al., 1990, 1996]. The broader

implications of these divergent climate descriptions include fundamental issues of dust-ice aerosol

interactions, interannual and seasonal variability, photochemistry, and meridional transport of water

and dust in the current Mars climate system [Clancy et al.: 1996; Clancy and Nair: 1996].

The relevant MGS data set is provided by the Thermal Emission Spectrometer (TES) [G-'hristensen

ct al., 1992], which measures spectraUy resolved brightness temperatures across the 15 #m CO2

absorption/emission band. Radiances in the CO2 band are inverted to profile Mars atmospheric

temperatures in both nadir and limb pointing geonmtries ICTLT_stensen et al., 1992, 1998; Conruth

et al., this issue]. While the TES limb observations allow temperature retrievals to higher altitudes

(_60 km), they provide much reduced temporaJ and spatial coverage (during the aerobraking period)

as compared to the TES nadir observations. Consequently, the current comparison employs only the

TES nadir _emperature profiling over the 0-30 km altitude range. Christensen et, al. [1998], Smith et

al. [this issue], Conrath et al. [this issue] and J. C.Pearl et al. (Mars water ice clouds: Observations

by the Thermal Emission Spectrometer (TES) during the first Martian year, submitted to Journal

o/Geophysical Research, 1999) present the broader range of the TES atmospheric results from the

initial aerobraking operations, including nadir and limb measurements of atmospheric temperatures

and aerosols.

The second comparison data set is provided by ground-based millimeter CO line retrievals of

disk-averaged Mars atmospheric temperature profiles over the 0-80 km altitude region, as observed from

Kitt Peak, Arizona (National Radio Astronomy Observatory (NRAO) 12 m telescope for millimeter

spectroscopic studies, operated by Associated Universities, Inc., under cooperative agreement with

the National Science Foundation). This technique employs the optically thick line opacities from

rotational transitions of CO in its ground vibrational state at millimeter to submillimeter wavelengths,

to sound atmospheric temperatures in essentially the same manner as infrared CO_ remote soundings

are employed. Significant differences, relative to the infrared radiation, include the linear temperature

dependence of emission, the separation of individual rotational lines, and the negligible role of aerosol

scattering/absorption at millimeter wavelengths. Because of the small angular size of Mars (4"-20")

and the diffraction limited resolution of millimeter telescopic observations (,-,15"-60"), millimeter

temperature retrievals typically yield low- to midlatitude, dayside averages for the Mars atmosphere.

The altitude range sounded extends from the surface to as high as 80 km, depending on the rotational

transition observed and the signal-to-noise ratios obtained. A more detailed description of the method

and prior results have been published elsewhere [Clancy et al., 1983, 1990, 1996_ Clancy and Sandor,

1998].



2. Comparison Goals
Thedistinctdifferencesin theTESandmillimeterspatialresolutionsandlatitude/longitude

samplingversustime(diurnal,daily,andseasonal)aresignificantobstaclesto adetailedstatistical
comparisonofthesetemperatureretrievals.Fortunately,suchprecisecomparisonsarenotrequired
to obtainimportantresults.ThisisbecausetheMarsatmosphericissuesraisedbythesemillimeter

retrievals correspond to large temperature differences with respect to the Vikmg climatology (15-20 K)

and so can be addressed with millimeter-TES comparisons of relatively modest accuracy (e.g., 3-5 K).

Our first comparison goal is to determine the average thermal state of the global Mars atmosphere

as described by the millimeter and TES temperature retrievals. The specific measurement issue is

the 15-20 K offset between the 1982-1999 ground-based millimeter and the 1976 Viking and 1997

Pathfinder descent profile retrievals of Mars atmospheric temperatures ovt'r the 0-50 km altitude

range. The warmer Viking and Pathfinder entry profiles are very limited in temporal and spatial

coverage (three profile measurements at 19 °, 22 °, and 44 ° N: for Ls=96 °, 117 °, and I43 ° respectively),

but have been interpreted as typical of minimum atmospheric dust loading and hence minimum

atmospheric temperatures. The Viking model of Mars climat, e is based on these entry profiles and

seasonally extended Viking observations (e.g., the 15/_m IRTM maps [Martin, 1981] and the lander

dust opacity determinations [Colburn et al., 1989]) of a relatively warm Mars atmosphere, in which

vertically extended dust loading equivalent to column visible opacities of >_0.5 characterizes Mars low-

to midlatitudes in all seasons [e.g., Pollack et al., 1979; Haberle et al., 1997]. The Pathfinder imaging

[Smith et al., 1997; Smith and Lemmon, 1999] and descent entry teams [Sehoficld et al., 1997] conclude

that the millimeter temperatures are biased 15-20 K cold and that dusty, warm conditions are a

constant condition of the current Mars climate, although the presence of a deep temperature inversion

in the lower scale height suggests some distinction from the Viking description [Magalh_es et al., 1999;

Colaprete et al., 1999; see also Titov et al., 1999].

However, the Viking model of the Mars atmosphere may be inaccurate even for the Viking

period. Wilson and Richardson [2000] present evidence for a positive bias in the Viking IRTM 15 _m

radiances due to an unaccounted contribution from surface emission. We refer readers to Wilson and

Richardson [2000] for a complete description of the differences and origins of the corrected versus

uncorrected IRTM temperatures, but the correction stems from an apparent out-of-band leak in the

Viking IWI'M 15 #m channel filter response, which leads to substantial contribution from diurnal and

latitude-dependent Mars surface emission. An important consequence of this correction is that Mars

atmospheric temperatures during the Viking period become more comparable to the millimeter record

of Mars atmospheric temperatures over the past 10 years [see also Richardson, 19981. The presented

millimeter-TES comparison provides the first opportunity to verify the 5 K absolute accuracy of the

millimeter retrievals [Clancy et aL, 1996], and so establish a baseline for the thermal and aerosol

conditions of the Mars atmosphere versus solar longitude (Ls) over the 1990s. In our comparison of

these conditions to the Viking and Mariner 9 periods, we consider how the corrected Viking IHTM

15 #m temperatures and a review of IRTM 9 pm dust opacities [Martin; 1986] may support a colder

and less dusty (in terms of background dust loading) model of the Viking period atmosphere which

compares more closely with currently observed conditions. This also allows a more accurate definition

of interalmual variations implied by the remaining differences between the Viking and current periods.

The second comparison goal is an assessment of the spatial scale of temporal variations that have

been observed in the long-term millimeter measurements. This includes a very repeatable 20-30 K

orbital variation in Mars disk-averaged atmospheric temperatures, which is roughly twice that exhibited

by the warm, dusty Viking-based model of the low- to midlatitude Mars atmosphere. Additionally,

very rapid (approximately a few days) temperature increases of 10-20 K have been observed in all Mars

southern summer seasons observed [e.g., Clancy et al., 1994], and within many northern summer seasons



aswell[Clancy,1996].Bothkindsof atmospheric temperature increases exhibit specific temporal and

altitude dependencies, which have been attributed to global-scale dust heating and dust-ice aerosol

interactions within the Mars atmosphere. A key uncertainty in this interpretation is the degree to which

such variations in disk-averaged measurements represent globally coherent variations of atmospheric

temperatures on Mars. For example, do perihelion 15 K increases in disk-averaged temperatures

at 10-50 km altitudes correspond to latitude-independent 15 K temperature increases over low- to

midlati_udes? Or do they represent a weighted average of much larger temperature increases in the

northern hemisphere middle atmosphere which are compensated in the disk average by temperature

decreases in the southern hemisphere middlc atmosphere? The TES mapping observations are ideally

suited to placing the long-term millimeter record of Mars atmospheric temperature variations in a

physically interpretable context.
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Figure 1. Latitude-pressure contour of Mars atmospheric temperatures as retrieved from TES obser-

vations in October 1997 (Ls=205 °, orbit 28, longitudes 290-50 ° W). The altitude range corresponding

to the 7-0.1 mbar pressure range is roughly 0-30 km. Such TES latitudinal cross sections are aver-

aged according to the latitudinal weighting of the millimeter whole-disk measurements to provide t,he

TES-millimeter profile comparisons of Figures 2-5 and 7-8.

3. Temperature Comparisons

3.1. Perihelion Temperature Profiles (0-30 km altitudes)

MiUimeter-TES comparisons of temperature profiles (0-30 km altitudes) are presented for six

observational periods extending from L s=205°-214 ° in 1997 to L_= 141°-144 ° in 1999. Three perihelion

periods are selected to present southern spring/summer conditions before (Ls=205°-214°), during

(L._=226°-227°), and after (Ls=300°-308 °) the 1997 Noachis Terra regional dust storm (beginning

at Ls=224 °) [Smith et al., 1999). We also present three aphelion comparisons for the northern



spring/summerseason(Ls=28°-34°, 108°-112°_and141°-144°),whichallowseasonallyequivalent
comparisonsto theViking[Seiffand Kirk, 1977] and the Pathfinder [MagalhSes et at., 1999] descent

profile measurements. As the Ls--,40°-100 ° seasonal range was not observed by TES, we include

a millimeter profile comparison to MGS (D. P. Hinson, private communication; see also Hinson el,

al. [1999]) and Viking [Lindal et al,, 1979] radio occultation profiles obtained over Ls=74_-77 °.

Uncorrected Viking IRTM 15 pm measurements of global (dayside) atmospheric temperatures near

the 0.5 mbar pressure level (_25 km altitude) are indicated to demonstrate the seasonal behavior of

the Viking-based climatology. Corrected IRTM values of atmospheric temperature are included to

indicate the significancc of the revision proposed by Wilson and Richardson [2000] for this key Viking

atmospheric measurement.

Table 1. Observational Parameters for TES Infrared and Kitt Peak Millimeter Compaa'isons of Mat's

Temperature Profiles (for Figures 2-8)

Ls, ° Date TES Orbit KP LATsn TES LAT KP LONGsE TES LONG KP LTsn TES LT

206 10/27/97 28 -.- 40 ° S-80 ° N ..- 30o_50 .... 19.1

209 10/31/97 ... 1 ° N ... 2950_330 .... 10.2 ...

213 11/07/97 36 -.- 50 ° S-85 ° N ..- 195o_245 .... 16.5

214 11/09/97 -.. 2 ° S ... 175°-230 .... 10.2 ..-

227 11/30/97 52 ..- 60 ° S-85 ° N ... 110°-200 .... 15.6

227 11/30/97 ... 9 ° S ... 340o_30 .... 10.3 ...

228 12/01/97 53 ..- 55 ° S-85 ° N ... 200o_315 .... 15.6

300 03/27/98 --- 24 ° S ... 220°-270 .... 11.5 .-.

304 04/04/98 215 ... 45 ° S-85 ° N --- 240°_255 .... 10.3

308 04/08/98 ... 22 ° S ... 100°-170 .... 11.6 ...

190 ° - 200 °

29 09/10/98 550 -.. 5 ° N-85 ° N ... 10 ° _ 20 ° ... 17.5,5.5

34 09/24/98 ..- 22 ° N ..- 220°-250 .... 13.5 -.-

108 03/10/99 1691-1702 ..- 60 ° S-70 ° N .-- 00-360 ° ... 2,14

111 03/16/99 -.. 15 ° N ..- 2500-280 ° ... 13.8 ...

141 05/19/99 2543-2554 --- 70 ° S-85 ° N -.- 00_360 .... 2,14

144 05/25/99 --. 23 ° N --. 2700_320 .... 10.4 ...

KP: Kitt Peak. Read 10/27/97 as October 27, 1997. Longitude convention is West.

Each of the TES-milhmeter profile comparisons incorporate our best efforts to construct latitudinal

averages of the spatially resolved TES temperatures, which correspond most directly to the latitudinal

weighting of the disk-averaged, ground-based measurements. The longitudinal and local time coverage

of the TES and millimeter observations are distinct in sampling; and often separated in specific coverage.

The miIlbneter whole-disk measurements aw_rage over a wide range of longitudes and dayside local

times in each observation, where the sub-earth longitude cycles within a 1 month period. During the

aerobraking phase, the TES latitudinal maps tend to cover relatively narrow (10 °) longitude and local

time ranges, and the subspacecraft longitudes vary rapidly per orbit and versus time. For example, the

longitudinal coverage for the TES temperatures obtained on the early orbit 28 (Figure 1; October 27,

L_=205.8 °) is 30°-50 ° W, and the latitudinal coverage extends from 40 ° S to tfigh northern latitudes.



However,TESobservations during the mapping phase (past Ls=100 °) incorporate rill longitudinal

coverage and two local times (0200 and 1400 LT). Comparisons of the Mars season (Ls), longitudes,

local times, and sub-Earth latitudes fbr both sets of observations are presented in Table 1.
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Figure 2. TES (lines) and millimeter (circles) temperature profiles obtained in October-November

of 1997 (Ls=205°-214°), prior to the Noachis Terra regional dust storm. The TES profiles are lat-

itudinal averages, obtained from extended TES latitudinal coverage (such as Figure 1) and weighted

corresponding to the whole-disk averaging of the ground-based millimeter observations (primarily low-

to midlatitudes). For comparison, the 0.5 mbar temperatures from the Viking IRTM experiment over Ls

range 200°-205 ° (pre-1977a storm) in 1976-1978 are indicated by dashed (original) and dotted (modified

according to Wilson and Richardson [2000]) lines. The dates, longitudes, local times, and sub-earth lati-

tudes for these averages are indicated in Table 1. Several altitude levels corresponding to the atmospheric

pressure coordinate are indicated on the right.

Figure 2 presents the Ls--205°-214 ° comparison of TES and millimeter temperature profiles,

corresponding to the early period of MGS aerobraking. The TES profiles are latitudinal averages

calculated to approximate the whole-disk averaging present in the millimeter observations. The natural

vertical coordinate for the TES and millimeter retrie_-als is atmospheric pressure, but we indicate

approximate altitude levels on the right-hand vertical side of the figure. The TES temperatures for

orbits 28 (thin line) and 36 (thick line), correspond to Ls of 205.8 ° and 213.0 °, respectively. These

compare to Ls of 208.8 ° and 214.2 ° for the October 31 (thin circles) and November 9 (thick circles)

millimeter profiles. Hence the closest comparisons between two data sets in terms of time are orbit 28

versus October 31 (separated by 4 days), and orbit 36 versus November 9 (separated by 1.5 days). For

comparison, we have included the range of IRTM 15 #m temperatures (30 ° S-30 ° N, 0700-1800 LT,

referenced to the 0.5 mbar atmospheric pressure [Kieffer et al., 1976]) for Ls=200°-205 ° in 1977, prior

to the heavy dust loading marked by the 1977a storm. The dashed range presents the original IRTM

t,emperatures, and the dotted line region indicates the cooler IRTM temperatures recruiting from the



Wilson and Richardson [2000] correction for a modeled contamination from surface emission.

Mars Lowe, Atmosphere (Ls=226-2270, 1997)
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Figure 3. TES (lines) and millimeter (circles) temperature profiles obtained in November-December

of 1997 (Ls=226°-227°), during the Noaehis Terra regional dust storm. Figure description same as for

Figure 2.
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Mars Lower Atmosphere (Ls=500-508 °, 1998)
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Figure 4. TES (lines) and millimeter (circles) temperature profiles obtained in March-April of 1998

(Ls=300°-308°), toward the end of the first phase of MGS aerobraking. Figure description same as for

Figure 2.



Figure3presentstwoTESprofilesandonemillimeterprofiletakenjustaftertheonsetofthe
NoachisTerraregionalduststormin Novemberof 1997(L._=226°-227°).Theseprofilesindicate
maximumglobalatmospherictemperaturesobservedin theTESandmillimetermeasurementsoverthe
1997-1998period.Thedistinctionsin loweratmospherictemperaturesforTESorbits52and53are
probablyrelatedto longitudinalvariations,but thereisa 1dayoffsetin timebetweentheseorbits.
TheIRTMtemperaturesat Ls=220°-234 ° in 1977 remain 10-15 K warmer than at the peak of the

1997 Noachis Terra regional dust storm. Figure 4 presents two Kitt Peak and one TES profile for the

Ls=300°308 ° period in the spring of 1998, which is near the end of the first phase of MGS aerobraking

(latitudinal coverage degraded considerably in the second acrobraking period of August-October 1998).

The TES and millimeter profiles for this Ls=300°-308 ° period present similar temperatures to the

Ls=205°-214 ° season 5 monttm e_rlier, although the lowermost 10 km is slightly cooler. The IRTM

correction (dotted versus dashed lines) is significant (_10 K), but the Ls=300°-308 ° period in 1977 is

significantly warmer (10-25 K) tha_l the Ls=300°-308 ° period in 1998 for either ca_e, as a consequence

of the late and very intense 197Tb storm.

3.2. Aphelion Temperature Profiles (0-30 km altitudes)

Mars Lower Atmosphere (L_=28-54 °, 1998)
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Figure 5. TES (lines) and millimeter (circles) temperature profiles obtained in September of 1998

(Ls=28°-34 °) during the early northern spring when global atmospheric temperatures are falling and

TES coverage is more limited. Figure description same as for Figure 2.

Figure 5 compares an Ls=34 ° Kitt Peak profile to TES temperature measurements obtained on

orbit 550 (Ls=28.5°), after completion of MGS aerobraking and before mapping operations commenced.

The lal;itudinal coverage of these northern early spring TES observations are more limited (Table 1)

than during a_.robraking or mapping observations. In addition, the disk averaging of the Kitt Peak

millimeter technique leads to maximum differences from low latitude Mars atmospheric temperatures

in early northern spring. The sub-earth latitude lies well northward of the subsolar latitude at this

time, such that the disk average incorporates a significant northern latitudinal gradient (10-15 K)

in Mars atmospheric temperatures. Millimeter disk-averaged temperatures are 3-4 K colder than

Mars low-latitude temperatures at this tbne, whereas for the other profile comparisons, disk averaged



millimetertemperaturesaregenerallywithin1-2K ofMarslow-latitudetemperatures.Disk-averaging
oftheavailableTEStemperaturesat Ls=34 ° leads to 3-5 K agreement with the presented Ls=34 °

millimeter profile. The Viking model for this period remains 10-15 K warmer (dashed horizontal

line, IRTM), while the Wilson and Richardson [2000] correction to these IRTM temperatures (dotted

horizontal line) brings all three temperature data sets within 5 K of one another.
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Figure 6. A millimeter (circles) temperature profile from December of t998 (Ls=77 °, LAT_,.=22 ° N,

LT_=1430) is compared to the average of three low-latitude Viking radio occultation profiles (dash-

dotted line: Ls=74 °, LAT=27 ° N, LT=1600, 1978), and to the average of 10 high-latitude MGS radio

occultation profiles (solid line: Ls=76 °, LAT=67 ° N, LT=0400, 1998).

MGS operations were greatly reduced between the end of aerobraking and the beginning of the

mapping mission (March 1999), such that TES observations were not obtained over the Ls=40°-100 °

period of Mars aphelion passage (at Ls=71°). However, MGS radio occultation profiles were returned

over Ls=74°-77 ° at Mars high northern latitudes (64°-67 ° N) at the end of 1998 (unpublished data

provided by D. P. Hinson and the MGS Radio Science Team). There also exists for this season in 1978

a set of three Viking radio occultation profiles measured in the vicinity of the Viking 1 lander site

[Lindal et al., 1979]. As shown in Figure 6, average temperature profiles from these MGS (solid line)

and Viking (dash-dotted line) radio occultations are remarkably similar, despite their differences in

latitude (65 ° N versus 27 ° N) and local time (0400 versus 1600 LT). In fact, global circulation model

(GCM) atmospheric temperature fields predict very weak (1-3 K) latitudinal gradients between the

equator and 70 ° N at aphelion, and TES temperature fields obtained at Ls=108 ° (see below) show

similarly weak latitudinal gradients over the northern early summer hemisphere. GCM tides also

show weak diurnal variations between these two measurements. In this spirit we present an Ls=77 °

millimeter profile obtained on December 31, 1998 (LAT_=22 ° N, LT_=1430) for comparison to the

1998 MGS and 1978 Viking radio occultation profiles for this season. While this comparison is not as

direct as the cohlcident, contemporaneous TES-millimeter comparisons, the 1-5 K agreement among

the aphelion temperature profiles of Figure 6 is significant. The MGS radio occultation measurements

are contemporaneous with the millimeter profile measurement. The Viking radio occultation profiles
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demonstrate that aphelion atmospheric temperatures during the Viking period were as cold as the

millimeter aphelion measurements over the Viking 1 lander site, at least for the duration of these Viking

radio occultation observations (2 days).
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Figure 7. TES (lines) and millimeter (circles) temperature profiles obtained in March of 1999 (Ls=108 °-

112°1, at the beginning of the MGS mapping mission. The dash-dotted profile presents the averaged

Viking 1 (22 ° N, 1600 LT) and 2 (48 ° N, 0400 LT) lander descent measurements. Figure description

same as for Figure 2.

TES mapping operations, which began in early March of 1999, provide complete zonal averaging

and local time coverage of 0200 and 1400 LT. The availability of thesc mapping data is rcccnt relative to

the publication of this paper, but several periods have been provided for comparison to the millimeter

1999 observations. Figure 7 presents a millimeter-TES profile compazison for the Ls=108°-112 ° period

in mid-March of 1999. This seasonal range is suitable for comparison to the average temperature profile

(dash-dotted line) from the Viking 1 (22 ° N, 1600 LT: Ls=96 °) and 2 (48 ° N, 0900 LT, Ls=ll7 °)
lander descent observations. For altitudes above 5 km, TES-millimeter temperatures agree to within

2-6 K, whereas the average of the Viking lander profiles lies 10-13 K above the TES profile. The

corrected IRTM temperatures (dotted horizontal line at 0.5 mbar) also show closer agreement with the

TES and millimeter observations, relative to the uncorrected IRTM temperatures (dashed horizontal

line).

Fig_re 8 presents a late northern summer comparison (Ls=141°-144 °) of TES, millimeter, and

Pathfinder temperature profiles. The millimeter temperatures are biased _4 K colder than the TES

temperatures over the 0-30 km altitude region, which is similar to comparison results for the northern

spring and summer periods of Figures 5 and 7. Also similar to the Viking descent profile comparison of

figure 7, Pathfinder temperatures are 10-13 K warmer than the TES temperatures, although only for

altitudes above _17 km. Pathfinder temperatures actually fall below the millimeter temperatures at

the 8 km lower boundary of the Pathfinder retrieval. Schofield et al. [1997] and Magalhdes et aL [1999]

argue that the Pathfinder and Viking descent measurements of Mars atmospheric temperatures are
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representative of the unchanging dusty, warm background state of the Mars atmosphere. Consequently,

they assert that differences between these 1976 and 1997 northern summer measurements must reflect

unrecognized diurnal variations in the lower (<15 kin) and upper (>50 kin, see also [Clancy and

Sandor, 1998] atmosphere of Mars, as distingnfished by the 0400 LT Viking 1 versus 0400 LT Pathfinder

descents.
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Figure 8. TES (lines) and millimeter (circles) temperature profiles obtained in May of i999 (L_=141 °-

144°), dnring MGS mapping observations of northern summer. The dash-dotted profile presents the

Pathfinder (19 ° N, 0400 LT) lander descent measurement. Figure description same as for Figure 2.

Colaprete et al. [1999] determined that radiative cooling by a nighttime water ice cloud (_- _, 1)

located near the 10 km altitude level could create the 7-15 km level temperature inversion in the

Pathfinder descent profile. However, they note that no evidence of a thick nighttime cloud is present

in the Pathfinder aerosol opacity measurements. We point out that the required diurnal forcing for

such cloud formation is unsupported and that the 1999 TES profile measurements do not indicate

5-15 km temperature inversions in 0200 LT or 1400 LT measurements. The warm middle atmospheric

region observed by Pathfinder may, in fact, reflect locally perturbed conditions associated with a Valles

Marineris dust storm observed just days before the Pathfinder landing [Wolff et al., 1999].

Overall, the temperature profile comparisons of Figures 2-8 indicate average differences between

the TES and millimeter retrievals that are <6 K over the 0-30 km altitude region. Specifically, the

millimeter-TES differences averaged over the presented three perihelion periods are +4 K for the

5-6 km level, -2 to -5 K for the 9-21 km region, and +1 to +3 K for the 22-30 km region. The

millimeter-TES differences averaged over the three presented aphelion periods are -3 to -5 K for the

5-6 km level, -6 to -3 K for the 9-21 km region, and -2 to -4 K for the 22-30 km region. These

millimeter-TES differences are substantially smaller than the 15-20 K offset between the millimeter and

Viking temperatures. Neverthe]ess, there does appear to be a 2-5 K cold bias in millimeter relative to

TES temperature measurements, particularly for the northern spring/summer period (L_=20°-160°).
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3.3. Dust Storm Effects on TES and Millimeter 0.3 mbar Temperatures

In order to provide more complete coverage of the extended MGS aerobraking period, we present

an October 1997 to July 1998 (Ls=190°-360 °) time sequence at the 0.3 mbar pressure level (,_30 km

altitude). For this purpose, we employ comparisons of 30 ° N and 30 ° S latitude zonal averages of

retrieved TES temperatures to millimeter whole-disk retrievals. TES 0.3 mbar temperatures within

--2.5 ° latitude of 30 ° S and 30 ° N were binned in 30 ° longitudinal inter_als and averaged to provide

a consistent temperature trend data set in support of MGS aerobraking operations. Although TES

averages at 30 ° N and 30 ° S are not precisely equivalent to the spatial averaging of the flfll-disk

millimeter measurements, this 0.3 mbar level comparison provides a reasonably accurate comparison

of the TES and millimeter data sets. This is a consequence of modest latitudinal variations in Mars

atmospheric temperatures, except over winter high latitudes which are not significantly weighted in the

earth-based measurements. The 0.3 mbar level is selected for this comparison because temperatures at

this pressure level are a standard product of the TES aerobraking operations: and they exhibit strong

sensitivity to dust storm activity. The Ls= 190°-360 ° range spans the southern hemisphere spring and

summer seasons, which exhibit several abrupt increases of dust. loading and temperatures in the global

Mars atmosphere associated with regional-scale dust storms, including the Noachis Terra regional dust

storm [Smith et al., this issue].
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Figure 9. An extended comparison of TES (dotted lines) and millimeter (circles) measurements of Mars

atmospheric temperatures for the 0.3 mbar pressure atmospheric pressure level. The fifll perihelion dust

storm season during the 1997-1998 of MGS aerobraking is highlighted (Ls=190 ° to 360°). The vertical

lines plotted for the TES measurements at each point indicate the temperature range between 300+5 ° S

and 30 ° 4-5 ° N zonal averages. The vertical arrows indicate abrupt increases in atmospheric temperatures

and dust loading associated with distinct dust storm activity on Mars, the most intense being the Noachis

Terra regional dust storm at Ls=224°[Smith et al., this issue]. Breaks in the TES record correspond to

orbital maneuvers and aerobraking periods in which MGS observations were halted.

Figure 9 presents the trend of TES (dashed vertical lines denote the range of 30 ° S and 30 ° N

values) and millimeter (circles) 0.3 mbar level temperatures for the October 1997 to July 1998 period,
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asaflmctionofLs. The millimeter and TES temperatures differ by typically less than 2-3 K at this

_30 km altitude level over this period of roughly one half of a Mars year. Their temporal variations

are also very similar. These close correspondences suggest that the seasonal and short-term variations

determined from tile long-term (1988-1997) millimeter record are representative of coherent changes in

the global atmospheric temperature field rather than of complex changes in the latitudinal distributions

of Mars atmospheric temperatures. Vertical arrows mark five distinct atmospheric heating events

apparent in the millimeter observations during this period, four of which also appear in the TES

temperature and dust opacity measurements (at Ls---190 °, 225°: 270 °, and 310°). The L_---225 ° event is

the strongest by fitr and is associated with the November 1997 Noachis Terra regional storm at southern

low- to mid]atitudes [Smith et al., this issue], The weaker temperature increases at Ls.=190°. 270 °,

and 310 ° have also been identified with regional dust storm activity at southern midlatitudes [Smith

et al., this issue]. The Ls=340 ° temperature increase occurred during a break in TES measurements,

associated with the hiatus between the frst and second periods of MGS science phasing.

An interesting aspect of these atmospheric heating events is the remarkably short timescale (1-3

days) for globM-scale evolution at this 30 kin altitude level. The comparable temperature increases in

the disk-averaged millimeter and the spatially resolved TES records, and the comparable changes in

the 30 ° S and 30 ° N TES records both indicate global temperature increases for a vertically extended

portion of the Mars atmosphere. Peak temperature increases of the Mars atmosphere during a 1994

global heating event (at Ls.=254 °) occur at altitude levels of 40-50 km [Clancy et al., 1994]; the current

millimeter measurements indicate the saine behavior for the 1997-1998 dust storm events. Global

temperature increases at altitudes below 0-15 km are significantly smaller, as comparison of Figures 2

and 3 shows. Similarly, although TES dust column opacities increase at northern latitudes during

these events, the changes are much smaller than at southern latitudes where the sources are located

[Smith eta[., this issue]. GCM simulations indicate that strong solar absorption by the deep vertical

column of dust at southern latitudes and dynamical heating at northern latitudes associated with the

intensification of the Hadley circulation lead to almost latitude-independent temperature increases over

the low- to midlatitude range on Mars.

3.4. Seasonal and Interannual Variability of 0.5 mbar Level Atmospheric Temperatures

Plate 1 presents a more comprehensive comparison of Mars atmospheric temperature measurements

at the 0.5 mbar pressure level (_25 km altitude), including the previous 2 Mars years (1992-1996) of

millimeter observations and the 1970s period of Mariner 9 and Viking observations. This presentation

of 0.5 mhar Mars atmospheric temperatures compares 1997-1999 TES (colored dotted lines), 1992-1999

millimeter (colored circles), 1976-1979 Viking IRTM (dotted and dashed lines for corrected and

uncorrected values, respectively, and thick and thin lines for 1976-1977 versus 1978-1979)_ 1976 Viking

1 and 2 descents (ll and 12 symbols), Mariner 9 IRIS (cross symbols), and 1997 Pathfinder descent

{P symbol) measurements. The 1992-1999 temperature measurements are presented in color (circles

for millimeter, dotted lines for TES) to distinguish interannual behavior in the 1992-1999 millimeter

temperature record. For the purpose of this comparison, we use the solar longitude range 0%360 ° to

define a Mars year and adopt April 11, 1955 (Ls=0 °) as the beginning of year 1. In this arbitrary

convention, the Mariner 9, Viking, Phobos, and Pathfinder missions occurred in years 9-10, 12-15,

19-20, and 23, respectively. By comparison, the 1992-1999 millimeter observations extend over years

21-24, and the 1997-1999 TES observations extend over years 23 and 24.

To first order, the 1992-1999 millimeter temperature record indicates a high degree of repeatability

over the past 3.5 Mars years. Earlier millimeter observations show that this repeatability has emended

over the past 5-6 Mars years (since 1988 [Clancy et al., 1996]). The uncorrected I1RTM temperatures

(solid lines), which are indicative of the long-standing Viking model of Mars atmospheric behavior,
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Plate 1. A comparison of Mars measurements for low- to midlatitude atmospheric temperatures at the

0.5 mbar pressure level, as a function of Mars solar longitude Ls. The 1992-1999 millimeter and 1997-

1999 TES measurements are color coded to distinguish interannual variability, and we apply an arbitrary

numbering of Mars years (year 1 beginning April 11, 1955) to specify the interannual relationships

among the Viking (MY12-13), Pathfinder (MY23)_ MGS TES (MY23-24), Mariner 9 IRIS (MYg-10)_

and millimeter measurements (MY21-24). The localized entry measurements by Viking [Seiff and Kirk,

1977] and Pathfinder [Schofield ctal., 1998] arc represented by letter symbols (P_ ll, /2). The daysidc

average IRTM 15 /_m temperatures for three years of the Viking IRTM observations are represented

by the dashed line (uncorrected, [Kieffer et aL, 1977], year 12 thin line, year 13 thick line). These

dayside IRTM temperatures may be biased 10-15 K warm, owing to strong contamination from surface

emission. The dotted lines (corrected) reflect the decrease in the 15 _m IRTM temperatures, resulting

from the Wilson and Richardson [2000] reanalysis. Mariner 9 IRIS measurements are presented by

crosses [Conrath, 1975].
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fall 15 K above the temperatures retrieved by the millimeter measurements in essentially all seasons.

By comparison, the corrected IRTM temperatures (dotted lines) are reasonably consistent (within

5 K) with the seasonal and interannual dependence of Mars atmospheric temperatures displayed by

the millimeter measllrements. Within the millimeter data set_ interannual variations in global average

atmospheric temperatures (by 5-15 K) are most prominent during the perihelion dust storm season (L;

=200%340 °) and dl_ring the northern s_mmer/fall period (L_.=lO0°-200°). These are the same seasons

in which millimeter and corrected IRTM temperatures exhibit their largest differences.

The general character of the perihelion dust storm activity is very similar in the consecutive years

22 and 23. An increase in global atmospheric temperatures occurred around L_=220 ° in 1995 (year

22), which is very similar to the 1997 (year 23) Ls=225 ° Noachis Terra event in terms of atmospheric

temperature changes. A second, weaker event also occurred at Ls=270 ° in 1995 (year 22), suggesting

that multiple dust storms in a perihelion sea.son may be typical behavior. However, dust storm activity

appears to have persisted later in the season in year 23 versus year 22: creating a 5-10 K warmer global

atmosphere over Ls=310°-340 ° in year 23. Perihelion temperature increases were also observed in the

two previous Mars years 20 (not shown in Plate 1) and 21. The Ls at which these events initiated are

nov determined by the limited frequency of the measurements (particularly in year 20), but the year 21

e_'ent appears to have occ_lrred shortly before/)5.=250 °, on the basis of peak temperat_2res obser_,ed at

Ls=254 ° in 1994. This would be substantially later in season than the L5=225 ° storms of years 22

and 23, but earlier in season than the initiation of the 1977b dust storm in year 12. Peak atmospheric

temperatures observed during the year 21 dust event were actually l0 K greater than observed in years

22 and 23 and comparable to the atmospheric temperature increases tliat accompanied the Mariner 9

(year 9) and Viking (year 12) great, dust storms. (Figure 6 includes five 1994 dust storm observations

which were obtained by Emannuel LeUouch with the 30 m IRAM telescope at Pico Veleta, Spain.)

The extended record of atmospheric pressure from the Viking landers suggests weaker perihelion dust

storms, comparable to those of the 1990s, occurred in years 13 and 14, whereas a significantly stronger

perihelion storm occurred in year 15 !Tillman, I985; geovy et, aL, 1985).

Perihelion atmospheric temperatures may exhibit two distinct cases, corresponding to great dust

storms and regional dust storms. Both cases show global atmospheric temperature increases, but those

corresponding to regional dust storms are roughly half as large as those corresponding to global dust

storms. As a rough estimate of their relative frequency, we note that for the nine perihelion dust storms

measured by spacecraft, or millimeter observations, four of these could be classified as great or planet

encircling storms (40-50% frequency, similar to the suggestions of Zurek and Martin, [1993]). On the

other herod, the brevity: discontinuous coverage, and poor sampling of the observational record do not

rule out a continuous range of perihelion dust storm activity over time. In either case. the millimeter

measurements of atmospheric temperature increases during regional dust storms in the past 4 Mars

years suggest that perihelion dust storms of regional or greater extent occur in every Mars year (in

accord with the suggestion of gurek, f19821).

Outside of the perihelion dust storm season, differences among the corrected IRTM, millimeter,

and TES measurements, and variability within the millimeter temperatures are most prominent during

the northern summer/fall seasons (L._=100°-200°). For example, TES temperatures exhibit peak

differences (5 K) with contemporaneous millimeter measurements over Ls=120°-140 ° in 1999 (although

_1 K of this difference is associated with low-- to high-latitude temperature gradients weighted in the

disk-averaged millimeter observations). This period also corresponds to the 10-20 K disagreements

between the millimeter-TES profiles and the Viking-Pathfinder descent measurements of atmospheric

temperature (as well as the unusual Pathfinder temperature inversion near the 2 mbar. 10 km altitude

level). Part of these differences probably reflects increased spatial and temporal variability of the Mars

atmosphere in this season. The multiyear millimeter observations show a distinct increase in short-term
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andinterannualvariabilitybeyondLs ,-,90 °. For example, the lower 10-20 km of the Mars atmosphere

was 5-10 K warmer in year 22 than in year 23 over L._=115°-200 ° [Clancy, 1996], and year 23 was

5-10 K warmer than years 21 and 22 at Ls=200 °. In fact, 1999 (year 24) millimeter measurements

indicate a distinct rise in global atmospheric temperatures over Ls=100°-150 °, that place them 5 K

warmer than in years 22 and 23, but in close agreement with the corrected IRTM temperatures for

this northern summer season. TES temperature measurements at Ls=180°-190 ° in 1997 versus 1999

also indicate 5 K warmer temperatures in Mars year 24 versus 23. In addition, x-ariations among the

millimeter, TES, and Viking IRTM (corrected) temperatures show a distinct maximum of 10-15 K over

Ls=150°-180 ° in this northern summer/fall season.

The cold aphelion period (Ls=10°-90 °) presents the greatest degree of repeatability in Mars

atmospheric temperatures, in terms of variability within the long-term millimeter data set and in

comparison between the corrected IRTM and millimeter observations. Millimeter observations of

aphelion atmospheric temperatures ezdst for ye,ars 14_ 15, anti 19-24. When corrected for the 3-4 K

effects of high northern latitude weighting (see discussion of Fig31re 5), these millimeter temperatures

exhibit excellent agreement with TES, MGS and Viking radio occultation; and corrected Viking IRTM

15/_m measurements. On this basis, all 11 observed Mars aphelions over the period year 9 to year 24,

including the Mariner 9 period, have exhibited comparably cold atmospheric temperatures (to within

5 K) at this altitude level.

4. Related Changes in Dust Loading

To a large degree, the amount of dust suspended in the thin CO2 atmosphere determines the

average profile of Mars atmospheric temperatures. The direct effects of dust aerosols on the thermal

profile of the Mars atmosphere include atmospheric heating due to absorption of solar flux and

atmospheric cooling and heating associated with broadband thermal infrared emission and absorption

[e.g., Pollack et al., 1979; Zurek, 1978]. Regional dust storms force abrupt 10-30 K increases in global

atmospheric temperatures to altitudes well above 50 km [Clancy et al., 1994]. Mariner 9 Infrared

Interferometric Spectrometer (IRIS) observations [Hanel et al., 1972] of elevated Mars atmospheric

temperatures during the 1971 global dust storm form the basis for much of our current understanding of

atmospheric dust-temperature relationships on Mars [Giera._ch and Goody, 1972; Conrath, 1975] (review

by Kahn et al., [1992]). Analysis of the Viking lander descent temperature profiles and visible dust

column opacities explored a broader range of opacity and diurnal conditions, and provided observational

constraints on the solar absorption properties of the dust [Pollack et al., 1979]. Viking IRTM 15 #m

data were instrumental in defining the visible/IR opacity ratio of the (lust, which relates the relative

efficiencies of solar absorption-heating and thermal-emission cooling by the dust [Zurek; 1982; Martin,

1986; Clancy et al., 1995].

There remain considerable uncertainties in the temperature forcing of the Mars atmosphere as

a result of dust loading. Reanalysis of the Viking measurements and new Pathfinder measurements

indicate that the dust absorbs solar flux less efficiently (compare solar band average single scat(ering

albedo = 0.86 [Pollack et al., 1979] versus 0.92 [Clancy and Lee, 1991] versus 0.88 IOckert-Bell et al.,

1997] versus 0.90 [Tomasko et al., 1999]) and that mean dust particle sizes arc ,-,50% smaller than

indicated in the Toon et al. [1977] Mariner 9 based dust model [Chassefi_.re et al., 1995; CIancy et al.,

1995; Pollack et al.; 1995; Tomasko et al., 1999]. In addition, very little is known about the temporal

and spatial variations of the dust particle sizes and absorbing properties. Analysis of column-integrated

dust scattering observations from the 1997 Pathfinder lander indicates that local dust particle sizes

and solar absorption properties are remarkably similar to those determined from reanalysis of the 1977

Viking lander observations [Tom_ko et al.; 1999]. However, these surface-based measurements relate
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to similarlocales(northernlow-latitudebasins)andto dustpropertiesin theloweratmosphere.Dust
sizes,andsotheiremission/absorptionproperties,arealmostcertainto varywithlatitudeandaltitude,
owingto size-dependentdust-settlingrates[e.g.,Murphy et al., 1990].
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Figure 10. A comparison of visible dust column opacities at Mars northern low latitudes, as determined

from 1971-1972 Mariner 9 IRIS (solid triangles) (scaled from 9 _m opacity [Fenton et al., 1997]), 1976-

1978 Viking 1 lander (plus symbols in year 12, cross symbols in year 13) [Colburn et al., 1989], 1976-1978

Viking IRTM (solid squares in year 12, solid diamonds in year la) (sealed from 9 pm opacity [Martin,

1986]), 1989 Phobos (asterisk) [Cha.ssefi_.re et al., 1992; Moroz et al., 1991], 1997 Pathfinder (solid line)

[Smith and Lemmon, 1999], 1997-1998 MGS TES (solid circles) [Smith et al., this issue], and 1995-1997

HST (open triangles in years 20-22, open squares in year 23) [Wolff et aL, 1999; Clancy et al., 1999]

measurements. The Viking lander opacities include only PM observations and have been smoothed with

a five-point running mean. Arrows indicate opacities greater than 2 for Viking lander measurements

during the 1977a and 1977b dust storms. The 1997-1998 TES and 1972 IRIS values are determined from

9 #m opacity measurements, which have been scaled by a factor of 2 to obtain equivalent visible dust

opacities.

Perhaps most surprising is how little we understand about the average behavior of Mars

atmospheric dust loading, including its seasonal and interannual variability. The generally held model

of dust loading for the global Mars atmosphere is drawn largely from the Viking lander measurements

of column dust opacities, which hnplied a minimum background dust opacity of _0.5 [Pollack ct aL,

1979; Colburn ¢t al., 1989]. Such dusty conditions were viewed as consistent with the warm atmospheric

temperatures determined from the Viking descent measurements and the uncorrected IRTM 15 lira data

[e.g., Pollack et al., 1979; Haberle et al., 1997; Forget et al., 1999]. The 1997 Pathfinder measurements

of dust opacity and atmospheric temperatures have been interpreted as verifieat, ion of this dusty,

warm model and its long-term applicability [Schofield et al., 1998; Haberle et al., 1999; Smith and

Lemmon, 1999]. The colder atmospheric temperatures returned from the long-term record of millimeter

observations [Clancy et al., 1996] and their agreement with the presented 1997-1998 TES and millimeter
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measurementsrepresenta significantcontradictionto thisViking-basedclimatology.If the1988-1998
Marsatmosphereis15K coolerthanat thetimeoftheVikingperiod(1976-1979),it impliesthatthe
averagedustloadingoftheglobalMarsatmosphereissignificantlysmallernowthanatthetimeofthe
Vikingperiod[Clancyet, a/., 1990, 1996]. Dust-dependent temperature profile calculations from Mars

global circulation models [Wil._on and Hamilton, 1996; Haberle. et al., 1997] suggest that that global

dust loading levels over the entire Mars year must decrease by at least a factor of 2 between these

periods to produce such colder atmospheric temperatures. TES nadir dust opacity retrievals in the

9 #m silicate absorption band provide a valuable test for determining whether such large changes in

atmosphcric dust loading havc occurred between the late l_}70s and the 1990s.

Figure 10 presents a comparison of visible dust column opacities at 0°-30 ° N latitudes as derived

from Mariner 9 IRIS (solid triangles) 9 #m dust opacities (1972, scaled by a factor of 2 [Fenton et

al., 1997]); Viking lander 1 (plus signs in year 12, crosses in year 13) solar extinction measlJrements

(1976-1978 [Colburn et al., 1989]); Viking IRTM (solid squares in year 12, solid diamonds in year 13);

9 _m dust opacities (1976-78, scaled by a factor of 2 [Martin, 1986]; the colder atmospheric temperatures

determined by the Wilson and Richardson reanalysis of IRTM 15 #m radiances will affect the 9 #m dust

opacities retrieved from IRTM observations only slightly, reducing retrieved dust opacities by 10-20%)_

1989 Phobos (asterisk) solar occultation [Chassefi_._ et al., 1992] and spectroscopic [Drossa_ et al.:

1991; Moroz et al., 1991) observations; 1995-1997 Hubble Space Telescope (HST) (open triangles in

years 20-22, open squares in year 23) imaging [James et al., 1994; Wolff et al., 1999] and spectroscopy

[Clancy et al., 1999]; and Pathfinder solar extinction imaging (solid line [Smith et al., 1997]). Included

in Figure 10 are the average TES 9/_m dust opacities for the 00-30 ° N latitude range in 1997-1998 (solid

circles) [Smit.h et al.. this issue], whidl have been scaled by a factor of 2 to present comparable visible

dust opacities [Zurek, 1982; Clancy et al., 1995]. Afternoon dust opacities from the Viking 1 lander

record (smoothed with a running five-point average) are presented, and the Viking and Pathfinder

opacities are scaled to a surface pressure of 6.1 mbar (in accord with the TES opacities).

Several points follow from the comparisons of Figure 10. The Mars southern spring/summer

atmosphere in 1996-1998 (years 22-23) does show significantly lower dust loading than during the

1976-1977 Viking period (year 12). At L_ of 190°-320 ° the 1997-1998 TES measurements imply visible

dust opacities at northern low latitudes which are 2-8 tiines lower than during the Viking period.

TES dust measurements prior to the Noachis Terra storm show a factor of 2-3 less dust loading,

compared to Viking 1 lander and IRTM measurements prior to the 1977a storm (0.3 versus 0.6-0.8 at

Ls=180°-205 °. Notice, however, that IRTM dust opacities at Ls=180°-185 ° are lower in year 13 than

in year 12). Perihelion dust storm activity (Ls=205°-280 °) was much weaker in 1997-1998 relative to

the 1977 period. The Noachis Terra dust storm of 1997 led to relatively modest dust loading in the

northern hemisphere, as compared to the large dust opacities observed by both Viking landers and

1RTM during the 1977a and 1977b dust storms (visible dust opacities of 0.6-0.8 versus 2-4). Although

there are 30-50% increases in TES dust opacities between L_=300 ° and 360 ° (which correspond to

distinct L q--310 ° and 340 ° atmospheric heating events; see Figure 5), there was no second dust storm

in 1997-1998 comparable to the 1977b storm. Consequently, the Ls=280°-320 ° seasonal range was also

much less dusty (3-8 times) in year 23 than during the equivalent scason in year 12. This seasonal range

was also less dusty in 1998 than observed after the 1971 great dust storm (year 9; compare TES and

IRIS), although by Ls=330°-340 ° the 1972 dust loading had decayed to comparable levels observed in

1998.

The L_=350°-180 ° period of northern spring/summer exhibits a more complex variation among

the TES, Viking lander and IRTM_ HST, and Phobos dust opacity measurements. At Ls=360 ° TES

measurements are 2-3 times larger than the HST opacities, but are in reasonable agreement with the

dust columns measured by Viking 1 and IRTM in 1977. However, the L_=300°-360 ° period in 1998
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presentsanincreasingdustcolumnowingto thelateseasonduststormeventsat Ls=310 ° and 340 °

(Figure 5). By comparison, the ViMng 1977 and Mariner 9 1972 dust opacities over this L.s range

decreased by a factor of 2-4, associated with the decay" of the 1977b and 1971 storms. The TES opacities

at Ls=20°-40 ° are comparable to the Phobos (year 20), HST (Years 20-23), and Viking IRTM (years

12-13) measurements for this season (r,,i._ _0.1-0.3), and are roughly a factor of 2 less than the Viking

lander 1 opacities. The northern summer season at Ls=100°-180 ° shows good agreement among the

Viking lander, HST, and Pathfinder observations, whereas the Viking IRTM (1976, 1978) and MGS

TES (1997, 1999) measurements are typically lower by a factor of 2.

The differences between the 1978 Viking lander and IRTM opacities over Ls=10°-180 ° (year 13)

and the 1997 TES and Pathfinder measurements at L5.=190 ° (year 23) are particularly surprising, as

these are contempora.neous measurement sets. ZuT_k [1982] raised tile possibility that Viking lander

dust opacities obtained prior to the 1977 storms may not be fl_lly representative of low- to midlatitude

dust loading at this time. We suggest that the Viking and Pathfinder lander opacities over Ls=10°-190 °

include the effects of enhanced boundary layer dust loading from dust devil activity in these low basins

[e.g., Metzger et al., 1999], as well as contributions from afternoon cloud opacities (particularly for

the L s=60°-140 ° aphelion cloud period). Incomplete separation of cloud versus dust scattering is the

major uncertainty in determining HST dust opacity., as ice particle scattering is 3-4 times more effective

than dust scattering for increasing the visible/ultraviolet brightnesses analyzed in these studies [Wolff

et al., 1999; Clancy et al., 1999]. The recent identification of the aphelion cloud belt in Viking IRTM

observations [Tamppari et al., 1999] implies that water ice clouds may affect the aphelion dust opacities

retrieved from Viking lander [Colburn et al., 1989] and orbiter [Thorpe, 1981] analyses. Unaccounted

effects from cloud opacities and lower boundary enhancements of dust loading both tend to bias the

Viking lander opacities high relative to the vertically-extended, dust-only opacities retrieved from 9 #m

TES and IRTM nadir retrievals. Such a change to the Viking-based characterization of dust loading in

this season is at least partly corroborated by the lower atmospheric temperatures determined for this

season in 1976 and 1978 (years 12 and 13) by the Wilson and Richardson [2000] reanalysis of the Viking

IRTM 15 #m measurements.

The dust opacity measurements of Figure 10 indicate decreased atmospheric dust columns between

the Viking and recent periods, particularly for the Ls=190°-340 ° seasonal range. The decreased

dust loading during the perihelion dust storm season in 1997-1998 also corresponds to significantly

colder atmospheric temperat, ures (by 10-15 K) in 1997-1998 versus 1977. On the other hand, 10-15 K

differences between the millimeter and Viking 15 _m temperatures (corrected) over Ls=150°-180 °

correspond to a seasonal range in which HST, Viking, and Pathfinder dust column measurements

exhibit relatively good agreement, and Viking IRTM opacities are actually a factor of 2 lower. The

abrupt 10-15 K increases in Viking 15/_m IRTM and millimeter temperatures over Ls=145°-150 ° in

years 12 and 13 were not accompanied by comparably sharp increases in the atmospheric dust column,

as evidenced by either the Viking lander or Viking IRTM opacity records.

It is also notable that the correcCed 15 #m IRTM measurements of 20-30 km atmospheric

temperatures are now in conflict with the two Viking descent temperature profiles at Ls=96 ° and

117 °. A similar conflict exists between the cold millimeter profiles and the warm Pathfinder descent

temperature profile at Ls.=143 ° in 1997 [Schofield et al., 1998; Clancy and Sandor, 1998, Figure 8].

The millimeter temperature measurements do show distinc'_ive interannua[ and short-term (over 1-2

weeks) variability during this period. Although there is no clear correlation of dust opacity variations

with these temperature differences, a significant dust storm did erupt in Valles Maxineris several days

before and nearby the Pathfinder landing site on Mars [Wolff et al., 1999]. This storm was observed to

decay shortly after the Pathfinder landing, and so may have contributed to regionally and temporaUy

restricted dust loading at the time of the Pathfinder entry.
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Atthistime,asimplerelationshipbetweenMarsglobal-averageatmospherictemperaturesanddust
columnopacitiesisnotevident.TheViking-basedmodelofaconstantbackgrounddustlevel,which
iswellmixedverticallyandhorizontally(overlow-to midlatitudes)impliesafairlydirectrelationship
betweenwarmeratmospherictemperaturesandincreaseddustcolumnopacities.Thisbehaviorappears
to bepresentduringtheperihelionduststormseason(Ls=205°-360°),wherecoldertemperatures
andlowerdustcolumnopacitiesareunambiguouslypresentedin 1997-1998.However,suchadirect
relationshipisnotevidentduringtheLs--0°-200 ° seasonal range, where descent temperature profiles

disagree with global remote sensing measurements; interannual dust opacity variations may or may not

exist, depending on whether Viking lander or IRTM 9 #m measurements best characterize global dust

loading during 1976-1978.

It has been argued that the influence of nonlinear interactions between water ice and (lust aerosols

may serve to enhance short-term, interanmlal, and spatial (e.g., the descent profiles represent transitory

local conditions) variations of atmospheric dust loading and enforce the confinement of solar heating by

dust aerosols to altitudes below 10-15 km in the northern spring/summer seasons [Clancy et al._ 1996].

Recent modeling of this mechanism suggests the potential importance of ice condensation on dust

aerosols, in terms of both gravitational settling rates and the aerosol single scattering albedo [Rodin

et al., 1999]. The cold Mars atmosphere around aphelion implies low altitudes (_10 km) for water ice

cloud formation during the northern spring/summer seasons. The abrupt rise in Mars atmospheric

temperatures in late northern summer (over Ls=140°-150 °) may reflect a discrete increase in dust

heating of the atmosphere, as cloud formation and its suppression of dust solar absorption break down

in late northern summer. Limb profiling of atmospheric temperatures, dust, and clouds by TES will

address these questions shortly.

5. Conclusions

Extensive temperature profiling measurements of the Mars atmosphere were obtained by spacecraft

infrared (MGS/TES) and ground-based millimeter (Kitt Peak NRAO) experiments during the

1997-1999 aerobraking and early mapping phases of the MGS mission. Appropriate latitude averages

of the spatially resolved MGS temperatures are compared to the disk-averaged millimeter temperatures

for thc 0-30 km altitude region of the Mars atmosphcrc. These profile comp_trisons demonstrate 2-5 K

agreement between the TES and millimeter data sets for selected Ls of 205°-214°. 2260-227 ° (the

Noachis Terra regional dust storm), 300°-308 °, 28°-34 °, 108°-112 ° (Viking descent profile comparison),

and 141°-144 ° (Pathfinder descent comparison). In addition, 1999 MGS and 1978 Viking radio

occultation measurements exhibit good agreement with a 1999 millimeter temperature profile for

Ls=74°-77 °. Time sequences of TES and millimeter temperatures at pressure levels of 0.3 mbar

(~30 km altitude) and 0.5 mbar (_25 km altitude) are presented over the extended September 1997

(Ls=190 °) to September 1999 (Ls=180 °) period. Both data sets show a series of very abrnpt global

atmospheric temperature increases of 5-15 K, the largest of which is related to the late November 1997

Noachis Terra regional dust storm [Christensen et al., 1998; Smith et al., this issue]. Comparison of the

1997-1999 millimeter observations to previous years of millimeter observations indicates very similar

scasonal and dust storm behaviors for the Mars atmosphere over the past 4-5 Mars years, including

abrupt 10-15 K global temperature increases in each Mars perihelion season.

Over the entire 1997-1999 period of observations, global Mars atmospheric temperatures determined

from the TES and millimeter measurements are 10-20 K colder than have been inferred from Viking

[e.g., Haberle et al., 1997] and Pathfinder [e.g., Sehofield et al.; 1998] atmospheric measurements. These

differences are substantially reduced by the Wilson and Richard._on [2000] reanalysis of the Viking

15 #m radiances, which leads to decreases of 5-15 K in 0.5 mbar atmospheric temperatures derived for
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theVikingperiod.Onthebasisofthiscorrection,the:Marsatmosphereduring1997-1999is_5-10K
colderthanduringthe1976-1978VikingperiodfortileseasonalrangeL_=150°-180 °, 10-15 K colder

over L s=205°-330 °, but within 5 K of the Viking period temperatures for the remainder of the Mars

year.

Colder current conditions over the L_=205°-330 ° period correlate with relatively low perihelion

dust loading in 1997-98 as compared to 1977. Dnst opacities retrieved from the 1997-1998 TES 9 pm

absorption measurements are 2-8 times smaller than those determined from Viking lander and IRTM

observations over this perihelion dust storm season. Away from the perihelion southern summer

season, interannual _lriations in global atmospheric temperatures are more modest and are not clearly

associated with distinct changes in cohlmn dust opacities. Global average 0.5 mbar temperatures from

millimeter and TES measurements are 5-10 K warmer during early northern summer (Ls=100°-150 °)

in 1998-1999 (year 24) versus 1993-1997 (years 21-23), and 5-10 K colder during late northern summer

(Ls=lS0°-180 °) versus 1976-1978 (years 12 and 13). Changes in the vertical distribution rather than

the vertical column of dust loading may be responsible for these interannual variations in northern

summer atmospheric temperatures. The Mars aphelion atmosphere (northern spring, Ls=0 °- 100 °)

presents minimum conditions of interannual and short-term variability. Minimum dust opacities

(r,.i_ ,,-0.1-0.3), peak cloud opacities (r_i_ _0.1-0.5), and cold atmospheric temperatures would be

typical of all observed Mars aphelion seasons if Viking IRTM 15 and 9 #m measurements rather than

the Viking lander measurements are representative of 1976-1978 global conditions for Mars atmospheric

temperatures and dust loading in this season.

These results conflict with the conclusions from Pathfinder atmospheric analyses [Smith and

Lemmon, 1999; Haberle et al.: 1999; Magalh¢ies et al., 1999) that the Mars atmosphere has remained

in the dusty, warm state characterized by Viking lander measurements since the time of these Viking

observations 20 years ago. They lend support to conclusions that water ice clouds are likely to form at

lower altitudes than previously thought (below 10 km around aphelion), mid may contribute significant

influences on the photochemistry., dust radiative forcing, and interannual _-ariability in the global Mars

climate system [Clancy et al._ 1996].
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ORBITALAND INTERANNUAL VARIABILITY OF THE GLOBAL MARS ATMOSPHERE. RT. Clancy, Space Sci-

ence Institute, P.O. Box 3075° Bald Head Island, NC 28461, clancyr@coloradoedu

Introduction: Studies of the Mars atmosphere over the

past twenty years are largely based on a diverse set of Vi-

king surface and atmospheric measurements collected be-
tween 1976-1981. The Viking-based view of the Mars at-

mosphere synthesized from these data is characterized by a

constant background of vertically well mixed dust aerosol

(z_>0.5), which increases by factors of >3 during the perihe-

lion dust storm season [ 1}. Low-to-mid latitude atmospheric

temperatures in all seasons are typically elevated by >15 K

due to solar absorption by the suspended dust [2]. The

global distribution of the atmospheric water column exhibits

strong annual variation, which is primarily due to annual

release of water from the exposed water ice residual cap and

the receding CO2 seasonal ice cap of the northern summer

hemisphere. Polar sources of water vapor in the southern

summer hemisphere are determined to be much smaller [3].

The warm atmospheric temperatures of the Viking model

yield sub-saturation conditions for water vapor in the low-

to-mid latitude atmosphere, to altitudes above 25 km in all

seasons. As a result, Mars atmospheric photochemistry is

characterized by high levels of catalytic radicals from water

vapor photolysis (HOx), and ice cloud formation is restricted

to local phenomena (nighttime smface haze, topographic

and wave driven discrete clouds) at low-to-mid latitudes. In

the context of the Viking model, water ice clouds are not

considered to influence the dynamical/radiative balance of

the global Mars atmosphere [3].
A revision of this Viking-based climatology is merited

on several accounts. The accumulation of ground-based and

spacecraft observations over the past decade may be com-

pared to the Viking and Mariner 9 observations to charac-
terize the interannual variation of the Mars atmosphere in

unprecedented detail. In addition, there are indications that

the annual behavior of the global Mars atmosphere may not

be well represented by the Viking model. Since 1988,

ground-based millimeter observations (temperature and

water profiling- [4,5]) and HST ultraviolet-visible imaging

and spectroscopy [6-10] have determined colder (15-20K),

cloudy, and less dusty conditions for the global Mars atmos-

phere relative to the Viking climatology, particularly for the

minimum solar heating conditions around aphelion. Clartcy

et al. [5] identified a distinctive equatorial cloud belt in

HST imaging during Mars aphelions in 1991, 1993, and

1995 (figure 1), and associated this phenomenon with the

low altitudes (<10 kin) of global water saturation and the

latitudinal dependence of Hadley vertical advection during

the northern sununer season of aphelion (solar longitudes,

Ls, of 40-140°). They further proposed that ice growth on

dust aerosols leads to nonlinear feedback among atmos-

pheric water vapor, temperature, cloud and dust distribu-
tions within the Mars atmosphere [11], and results in a

much stronger orbital variation of the global Mars atmos-

phere than is reflected in the existing Viking climatology.

In the past two years, atmospheric measurements from

Pathfinder [12,13] and Mars Global Surveyor [14-18], and

reanalyses of Viking IRTM observations [18-20] have pro-

vided critical cross comparisons to contemporaneous

ground-based observations and a reappraisal of atmospheric

conditions that existed during the Viking period. These

results are integrated with prior spacecralt and ground-

based measurements to construct a revised description of the

average annual variation of the Mars atmosphere, and a

preliminau, description of its interannual variability. Ulti-

mately, MGS and the Mars Climate Observer (MCO) will

define the spatial and seasonal variation of the global Mars

atmosphere in detail that only dedicated atmospheric

sounding from orbit can provide. A revision to the Viking
model serves to consolidate the significant observational

and data analysis developments over the past decade, and

provide an interannual context of comparison for the flood

of MGS and MCO atmospheric observations that has just

begun.

Fimare 1: The aphelion _,lobal cloud belt in 1995

Atmospheric Temperatures: Figure 2 (from [18]) pres-

ents a broad comparison of observed low-to-mid latitude

average temperatures at the 0.3 mbar pressure level (-30

km) versus Mars season. Temperature variations at this

level are fairly representative of observed behavior over the

extended Mars atmosphere (5-50 kin), and can be compared

among many data sets. For the purpose of these compari-
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Figure 2: Orbital and interannual variations of low-to-

mid latitude Mars atmospheric temperatures
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sons,asolarlongituderange0-360° definesaMarsyear,
andApril1l, 1955(Ls=0°) isadoptedasthebeginningof
year 1. In this arbitral, convention, the Mariner 9= Viking,

Phobos, and Pathfinder missions occurred in years 9-10, 12-

15, 19-20, and 23 respectively. By comparison, the 1992-

1999 millimeter observations (circles, [5,18]) extend over
years 21-24, and the 1997-1999 TES observations (dotted

lines, [16]) over portions of years 23 and 24. The millimeter

and TES measurements show excellent agreement over the

1997-1998 (L_=190-30 °) period of contemporaneous obser-
vations. The "uncorrected" IRTM temperatures (asterisks,

[21]), which characterize the Viking model of Mars atmos-

pheric behavior, fall 15 K above the temperatures retrieved
by the millimeter measurements in all seasons. The "cor-

rected" IRTM temperatures (dotted lines), resulting from

the Wilson and Richardson [19] reanalysis of IRTM l 5 gin

radiances, are reasonably consistent with the seasonal and

interannual dependence of atmospheric temperatures dis-
played by the millimeter measurements. It is also notable

that the corrected 15 gm IRTM measurements of 20-30 km

atmospheric temperatures are now 10-15K colder than the

two Viking descent temperature profiles at Ls=96 ° and 116 °.
A similar conflict exists between the cold millimeter pro-

files and the warm Pathfinder descent temperature profile at

Ls=140 ° in 1997 [18,22]. Within the millimeter data set,

interannual variations in global-average atmospheric tem-

peratures (by 5-20 K) are most prominent during the peri-

helion dust storm season (Ls=200-340 °) and during the

northem summer/fall period (I_=100-200°). These are the
same seasons for which millimeter and corrected IRTM

temperatures exhibit their largest differences (10-20 K).

Global temperature increases associated with the onset
of perihelion dust storms have been observed in the milli-

meter record in four consecutive Mars perihelions (years 20-

23). Temperature increases of 15 K retrieved from milli-

meter and TES observations during the Ls=225 ° Noachis

Terra regional dust storm in 1997 (year 23) are remarkably

similar to the I_=220 ° temperature increase in 1995 (year

22). However, the 25-30 K elevation of global temperatures

determined from the L_=254 ° millimeter measurement in

1995 (year 21) is more comparable to temperature increases

which accompanied the Mariner 9 (year 9, [23]) and Viking

(year 12) global dust storms. The detection of 4-5 small (5-

10 K), yet distinct global temperature increases during the

1997 perihelion period suggests a fairly continuous spec-

tram of dust storm size and atmospheric forcing.

The early aphelion period (L_=10-90 °) presents the

greatest degree of repeatability in Mars atmospheric tem-

peratures, in terms of variability within the long-term mil-

limeter data set and in comparison between the corrected
IRTM and millimeter observations. Millimeter observations

of aphelion atmospheric temperatures exist for years 14, 15,
and 19-24. With the Wilson and Richardson correction for

the Viking IRTM 15 gm radiances, all eleven observed

Mars aphelions over the period year 9 to year 24, including

the Manner 9 period, have exhibited comparably cold at-

mospheric temperatures (to within 5 K) at this altitude
level.

Dust and Ice Opacities: Figure 3 presents a comparison

of visible dust column opacities at 0-30 N latitudes as de-

rived from Mariner 9 IRIS (filled triangles-[24]) 9 _rn dust

opacities (1972, scaled by a factor-of-two); Viking lander 1

(+'s in year 12, X's in year 13-[l]) solar extinction meas-

urements (1976-78); Viking IRTM (filled squares in year

12, filled diamonds in year 13-[25]) 9 grn dust opacities

(1976-78, scaled by a factor-of-two); 1989 Phobos (asterisk)

solar occultation [26]; 1995-97 Hubble Space Telescope

imaging (HST-open triangles in years 20-22, open squares

in year 23-[8]) tmaging; and Pathfinder solar extinction

unaging (solid line-[13]). Included in this figure are the

average TES 9 grn dust opacities for the 0-30N latitude

range in 1997-98 (filled circles-[15]), which have been

scaled by' a factor-of-two to present comparable visible dust

opacities. Afternoon dust opacities from the Viking 1 lander
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Figure 3: Orbital and interannual variations of low lati-
tude dust opacity in the Mars atmosphere

record (smoothed with a running five point average) are

presented, and the Viking and Pathfinder opacities are

scaled to a surface pressure of 6.1 mbar (as are the TES

opacities).
To first order, the Mars atmosphere in 1996-1998 (years

22-23) shows significantly lower dust loading relative to the

1976-77 Viking period (year 12). At L_ of 190-320 ° the

1997-98 TES measurements imply visible dust opacities at

northern low latitudes which are 2-8 times lower than dur-

ing the Viking period. TES dust measurements prior to the

Noachis Terra storm show a factor of 2-3 less dust loading,

compared to Viking 1 lander and IRTM measurements prior

to the 1977a storm (0.3 versus 0.6-0.8 at L_=180-205 °. No-

tice, however, IRTM opacities at L_=180-185 ° are signifi-

cantly lower in year 13 than in year 12). Perihelion dust

storm loading was particularly lower in 1997-98 relative to

the 1977 period. The Noachis Terra dust storm of 1997 led

to relatively modest dust loading in the northern hemisphere

[13,14], as compared to the large dust opacities observed by

both Viking landers and IRTM during the 1977a and 1977b

dust storms (visible dust opacities of 0.6-0.8 versus 2-4).

Although there are 30-50% increases in TES dust opacities

between L_=300 ° and 360 ° (which correspond to distinct

Ls=310 ° and 340 ° atmospheric heating events, see figure 2),

there was no second dust storm in 1997-98 comparable to

the 1977b storm. Consequently, the Ls=280-320 ° seasonal

range was much less dusty (3-8 times) in year 23 than dur-

ing the equivalent season in year 12. Similarly, this season

was less dusty than after the 1971 great dust storm (year 9-

c.f., TES and IRIS), although by L,=330-340 ° the 1972 dust

loading had decayed to comparable levels observed in 1998.

The L,=350-180 ° period of northern spring/summer ex-

hibits a more complex variation among the TES, Viking





landerandIRTM,HST,andPhobosdustopacitymeasure-
ments.AtLs=360°TESmeasurementsare2-3timeslarger
thantheHSTopacities,butarein reasonableagreement
withthedustcolumnsmeasuredbyViking1andIRTMin
1977.However,theLs=300-360°periodin1998presentsan
increasingdustcolumnduetothelateseasonduststorm
eventsatL_=310° and340° (figure5).Bycomparison,the
Viking1977andMariner91972dustopacitiesoverthisLs
rangedecreasedbyafactorof2-4,associatedwiththedecay
ofthe197Toand1971storms.TheTESopacitiesatI_=20-
40 ° are comparable to the Phobos (year 20), HST (years 20-

23), and Viking IRTM (years 12-13) measurements for this

season (_v_--0.1-0.3), and roughly a factor of 2 less than the

Viking lander 1 opacities. The northern summer season at

Ls=140-180 ° shows good agreement among the Viking

lander and Pathfinder observations, whereas the Viking
IRTM and MGS TES measurements in 1976-78 and 1997

are typically lower by a factor-of-two.
The differences between the 1978 Viking lander and

IRTM opacities over Ls=10-180 ° (year 13) and the 1997

TES and Pathfinder measurements at Ls=190 ° (year 23) are

particularly surprising as these are contemporaneous data

sets. The unrecognized contribution of large aphelion cloud

opacities in the lander aerosol measurements may account

for much of this disagreement. The lander analyses effec-

tively assume negligible cloud opacities during the daytime,

consistent with the Viking-based model of a warm, dusty

atmosphere, whereas the IR measurements spectroscopically

discriminate cloud and dust opacities. HST imaging during

the past 5 aphelions (years 20-24) clearly identifies the
presence of daytime cloud opacities of 0.1-0.4 (figure 1).

The Wilson and Richardson [ 19] reanalysis of Viking IRTM

15 Ima measurements (figure 2) now implies comparable

aphelion saturation conditions for the Viking period, and

recent analysis of IRTM 11 run radiances identifies the

presence of a global aphelion cloud belt during the Viking

period (Tampari et al., 1997). Finally, TES mapping of dust

and ice opacities during the 1999 aphelion (L_=110 °) pro-

vides a striking display of the aphelion cloud belt in the 11-

12 Ima water ice band [17]. These TES measurements imply

that visible cloud opacities can exceed visible dust opacities

(xa=r-O. 1) within the aphelion cloud belt.

It is also worth noting the possibility that t'me CO2 ice

clouds may be a relatively common low latitude phenome-

non within the mesosphere (60-100 km altitudes) of Mars.

Submillimeter measurements of temperatures at the 70-80

km altitude region indicate dayside average temperatures

only 10 K above CO_ saturation conditions during the equi-

noctal seasons [22]. The presence of CO2 ice clouds in the

mesosphere was proposed as an explanation of the 4.3 Inn

CO: ice spectral line scattering identified by Mariner 6 and

7 IRS limb observations at L,=200 ° in 1969 [32]. In addi-

tion, very cold regions over the 60-90 altitude range were

observed to fall below CO= saturation conditions during the

Pathfinder descent [12].

Water Vapor and Photochemistry: Figures 4 and 5

present two aspects of Mars atmospheric water behavior

which may be considered as significant modifications to the

Viking model. In figure 4, the latitudinal dependence of

Mars atmospheric water column during the northern vernal

equinox is presented for four separate Mars years. This

comparison of Viking MAWD observations [27] to recent

ground-based visible [28,29] and centimeter [30] measure-

ments provides one of the more compelling cases for strong

interannual variability of Mars atmospheric water. A factor

of >4 interannual variation is implied over the 1988-1994

period for this season of minimum atmospheric water abun-

dance [29,30]. By comparison, ground-based and Viking

observations during the northern spring/summer season of

maximum atmospheric water abundance (L,=20-120 °) show

relatively modest interannual variability [29,31 ].

Variations in Mars Atmospheric Water
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Figure 4: The interannual variation of Mars atmospheric
water in late northern winter

Figure 5 presents the behavior of water vapor saturation

conditions in the low-to-mid latitudeMars atmosphere as a

function of season [5]. The colder atmospheric conditions

returned by the millimeter observations (dashed lines, com-

puted for 3 levels of atmospheric water abundance) lead to
much lower altitudes of water saturation relative to the Vi-

king climatology (solid lines). Differences between these

models in the perihelion season reflect interarmual variat-

bility of dust storm activity in this season. TES observations
show correlations in 30-50 km water clouds with dust storm

activity in this season in 1997 [17]. Differences between the

Viking and microwave (millimeter) based models during the

aphelion period are a consequence of the warm bias in the

Viking model (figure 2). Millimeter HDO and centimeter

H20 spectral line observations confirm the presence of very

low saturation altitudes around 1993 and 1995 Mars aphe-

lions [5]. The resulting orbital variation in water vapor den-
sities at altitudes above 10 km forces large orbital variations

in atmospheric photochemistry [33], as water photolysis

products (OH, HO2, H202) are the primary catalytic reagents
for ozone destruction in the Mars atmosphere [32]. HST
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Figure 5: Orbital variation of low-to-mid latitude water

vapor saturation conditions in the Mars atmosphere
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ultraviolet spectroscopic determinations of Mars ozone col-
umn distributions show that low-to-mid latitude ozone col-

umn increases by a factor-of-two during the aphelion period

[9,10]. This increase in the ozone column corresponds to

factors of 3-10 in ozone density increases above 10 km alti-

tudes, which result from the removal of vapor vapor by satu-

ration and cloud formation around the aphelion season [33].

Revised Atmospheric Climatology: The strong (40%)
orbital variation in solar flux incident on Mars leads to dis-

tinct aphelion and perihelion climates, which occur (in the

current epoch) around the northern and southern summer
solstices, respectively. Annual variations in the general

circulation of the atmosphere and the growth/recession of

the polar caps are more closely tied to the obliquity of Mars.

In contrast, annual and interannual variations of low-to-mid

latitude temperatures, dust and ice aerosol loading, and

composition (water, ozone) are more closely tied to aphe-
lion-perihelion orbital variations. The following summary, of

annual and interannual variations in the global Mars atmos-

phere employs this orbital methodology.

1) The perihelion season (Ls=200-340 °) experiences re-

gional-to-global dust storms every Mars year. Average

global dust opacities are significantly reduced during years

of regional (z_=0.5-l.0) versus global ('_vis=2-4) dust

storms. Global dust storms (as in 1971 and 1977) may occur

in roughly one-half to one-third of Mars years. Multiple dust

storms of smaller ex'tent also occur throughout the Ls=200 -

340 ° period. In all cases, from global to sub-regional scale,
these dust storms onset as discrete events, leading to 5-30 K

global increases in atmospheric temperatures over extended

altitudes (0-50 km) and with remarkably abrupt timeseales

(1-2 days). Atmospheric water abundances in this southern
solstice season are several times less than observed during

the northern summer solstice. However, they are also poorly

determined from existIng observations, and may or may not

show influences from south polar reservoirs and significant
interarmual variability. Large (200%) enhancements in wa-

ter columns appear within the Hellas and Argyre basins over

Ls=245-275 °, and may strongly influence the latitudinal

distribution of atmospheric water in this season. The warm

atmospheric conditions of the perihelion period present sub-
saturation conditions for atmospheric water to high altitudes

(35-60 km, where variable, optically thin water ice clouds

are present), high levels of photochemical radicals (such as

NOx and HOx), and minimum levels of atmospheric ozone.

2) The aphelion atmosphere (Ls=20-140 °) is most re-
peatable in temperature, water column, and aerosol condi-

tions from year-to-year. The long-standing Viking model of

atmospheric temperature, cloud, and dust behavior is an

inaccurate description of this season in particular, even for

the Viking period of observation. The aphelion period is

characterized global conditions of cold atmospheric tem-

peratures (20-30 K cooler than during perihelion), low alti-

tudes of water vapor saturation (<10 km), enhanced cloud

opacities (x,,_ = 0.1-0.5, including a distinctive low latitude

cloud belt), and low dust opacities (z,_ = 0.1-0.3). As the

northern stmuner season progresses beyond Ls=100 °, dust

and cloud opacities remain similar to aphelion conditions

but atmospheric temperatures exhibit increased temporal

(and possibly spatial) variability relative to the Ls=20-100 °

period. The global distribution of atmospheric water vapor

in this season is dominated by northern residual and sea-

sonal cap sources, and does not appear to exhibit strong

interarmual variability. The low altitudes of global water

saturation in this season lead to minimum levels of photo-

chemical radicals and maximum columns of atmospheric

ozone (apart from the polar regions).

3) The transitional seasons of Ls=340-20 ° (northern ver-

nal equinox) and Ls = 140-200 ° (southern vernal equinox) are

characterized by intermediate interannual variabitit3' in

global atmospheric temperatures (5-15 K), relative to the

constant aphelion and highly variable perihelion periods.

Year-to-year variations of temperature (5-10 K) and dust

conditions (x,_=0.1-0.6) within the L,=340-20 ° period re-

flect year-to-year variations in late perihelion season dust

storm activity. Atmospheric water vapor e."daibits very. large

interalmual variations during this period (average water

columns of-I to >10 pr _m), and may indicate comparable

interannual variability in southern hemispheric water during

the perihelion season when the behavior of atmospheric

water is not well observed. Cloud opacities begin to in-
crease and descend to lower altitudes.

Year-to-year variations in global atmospheric tempera-

tures over the Ls=140-200 ° period are characterized by a

distinctive 10-15 K increase in 20-30 km atmospheric tem-

peratures at L,=140-150 ° in 1976 and 1978. This behavior

is not evident in the 1992-1998 millimeter observations, but
current millimeter observations show a trend towards such

warmer conditions by L_=120 ° in 1999. No obvious increase

in dust column opacity accompanies this late northern sum-

mer rise in global atmospheric temperatures, suggesting that

an increasing vertical extent of the dust heating may con-

tribute to this behavior. This behavior may also reflect an

increasing altitude for the formation of water ice clouds,

which may still present signifcant opacities. Very cold at-

mospheric temperatures at 60-100 km altitudes may also

lead to local formation of CO2 ice clouds during the equi-

noxes.

References: [1] Colburn et al. (1989) Icarus, 79, 159-

189. [2]Pollack et 01. (1979) JGR, 84, 2929-2945.

[3] Jakosky and Haberle (1992) MARS, ed. Kieffer et al,

1151-1154969-1016. [4] Clancy et 01. (1990) JGR, 95,

14543-14554. [5] Clancy et 01. (1996) Icarus, 122, 36-62.

[6] James et 01. (1994) Icarus, 109, 79-101. [7] James et al.

(1996) JGR, 101, 18883-18890. [8] Wolff et 01. (1999)

JGR, in press. [9] Clancy et al. (1996) JGR, 101, 12777-

12783. [10] Clancy et 01. (1999) Icarus, 138, 49-63. [I1]
Rodin et 01. (1999) Icarus, in review. [12] Schofield et 01.

(1998) Science, 278, 1752-1758. [13] Smith et al. (1998)

Science, 278, 1758-1768. [14] Christensen et al. (1998)

Science, 279, 1692-1698. [15] Smith et al. (1999) submitted

to ,IGR. [16] Conrath et 01. (1999) submitted to JGR. [17]

Pearl et 01. (1999) submitted to JGR. [18] Clancy et al.

(1999) submitted to JGR [19] Wilson and Richardson

(1999) JGR, in review. [20] Tamppari et al. (1996) Bull.

Amer. Astron Soc. 29, 961. [21] Kieffer et al. (1977) ,/GR,

82, 4249-4292. [22] Clancy and Sandor (1998) GRL, 25,

489-492. [23] Conrath (1975) Icarus, 24, 36-46. [24] Fen-

ton et 01. (1997) lcarus, 130, 115-124. [25] Martin (1986)

Icarus, 66, 2-21. [26] Chassefiere et al. (1992) JGR, 100,

5525-5540. [27] Jakosky and Farmer (1982),IGR, 87, 2999-

3019. [28] Rizk et al. (1991) Icarus, 90, 205-213. [29]

Sprague et al. (1995) JGR, 101, 23229-23241. [30] Clancy

et 01. (1992) Icarus, 100, 48-59. [31] Jakoskv and Barker

(1984) Icarus, 57, 322-334. [32] Hell and Pirnental (1970)
Science, 167, 47-49. [33] Clancy and Nair (1996) JGR, 101,

12785-12790. [34] Parkinson and Hunten, (1972), J. Atmos.

Sci., 29, 1380-1390.




